Duplex stainless steels are widely used in subsea petroleum production installation. In many instances such steels are a robust solution to the design and manufacturing challenges. However, a number of failures have occurred, which were attributed to Hydrogen Induced Stress Cracking (HISC). Several failure investigations and extensive testing have been carried out over the last 5-10 years, and a design guideline has been established; DNV-RP-F112.
Introduction
Subsea oil and gas production equipment often face severe operating conditions, both on the inside and outside surface. The production fluid can be hot, corrosive and under high pressure. The external environment of salt seawater is corrosive under most circumstances. Duplex stainless steels have desirable properties with regard to resistance to the environment, as well as adequate strength and toughness. Hence they are being used in a large number of critical subsea components.
The last 5-10 years have seen a worrying tendency of failure in subsea duplex components. The failure mode appeared to be brittle cracking, which did not match with the toughness properties of the material. Further investigation indicated that hydrogen played a role, influencing the material's behaviour under mechanical stress.
A large effort has been made over the last five years in order to clarify this failure mechanism, and develop design guidelines for the offshore industry. This paper will present HISC (Hydrogen Induced Stress Cracking) as a failure mechanism; discuss the research carried out and its implications for subsea engineering. Finally the DNV recommended practice (RP), namely DNV-RP-F112, will be presented; this document gives guidelines for the design of duplex components in order to avoid HISC.
Abbreviations:
What is HISC?
HISC is caused by a confluence of three phenomena, as illustrated in Figure 1 :
• tensile stress in the material • a suscept ible microstructure • a hydrogen source As opposed to Stress Corrosion Cracking (SCC), HISC does not directly involve any electrochemical process, even though cathodic protection often plays an essential role. HYDROGEN SOURCE: Subsea metallic components are almost invariably connected to a cathodic protection system, if for no other reason that it is impractical to electrically isolate individual components. The cathodic protection system is a part of the corrosion protection, though the primary system is commonly a polymeric coating. Uncoated components, and areas with damaged coating, will experience electrochemical reactions on the surface. One of the products of these reactions is hydrogen atoms (H), which can adsorb onto the metal surface and thence diffuse into the bulk of the material. This constitutes a hydrogen source, and is the only source considered during HISC research.
SUSCEPTIBLE MICROSTRUCTURE: The detailed mechanism behind HISC is not fully understood, and the interaction between the hydrogen and the material is still being investigated. However, it has been established that duplex stainless steels are susceptible to HISC. Such steels contains two separate phases; austenite volumes within a ferrite matrix. The ferrite allows a high diffusion rate for hydrogen, but only limited hydrogen solubility. The austenite, on the other hand, has opposite characteristics; low diffusion rate and high solubility. This means that the ferrite will quickly be saturated with hydrogen, and this can change the toughness properties Feature: Hydrogen Induced Stress Cracking (HISC) and DNV-RP-F112
and increase the risk for brittle fracture of the material. To date only duplex stainless steels, together with supermartensitic stainless steels, have been extensively tested. The susceptibility to HISC has been confirmed in these materials. At the same time, HISC has not been discounted as a failure mode for other materials. TENSILE STRESS: Materials under stress exhibit three activities linked to HISC. First, the surface is deformed, which will provide additional sites for hydrogen production and adsorption. Second, the stress will increase the number of dislocations and defects in the material, which will act as hydrogen traps and possible crack initiation sites. Third, stress at sufficiently high levels will lead to deformation of the material, and testing indicates that active plastic deformation is a necessary condition for HISC.
In order for HISC to occur three conditions must be met, as discussed above. Unfortunately, these three conditions are frequently met for subsea components; hence HISC should be taken into account when designing such equipment.
HISC failures
Duplex subsea equipment failures have been studied extensively, and an overview of some well-known cases is presented in DNV report 2004-3471 [1] . The failures have been associated with undue loading and unsuitable material characteristics. The combination of design and manufacturing, which were carried out with a lack of understanding of HISC as a failure mode, led to the failures.
The actual fracture mechanism is not well understood in detail. As mentioned above, duplex stainless steels consist of two phases, ferrite and austenite. Hydrogen absorbs into the material, and in particular the ferrite becomes embrittled. How and when the cracks themselves are initiated is not quite clear, but once cracking has started, the ferrite appears to fail in a transgranular brittle mode. In other words, sudden abrupt failure takes place, without any gross plastic deformation or redistribution of loads. The austenite tends to act as a crack barrier, since it remains more ductile and has different properties with regard to hydrogen diffusion and solubility. A HISC fracture surface will subsequently exhibit two types of fracture modes; brittle fracture of the ferrite phase, and ductile fracture of the austenite phase.
Another important feature of several of the failures is the presence of geometrical changes or machined fillets in the immediate vicinity of the failures. These acted as local stress raisers, and contributed to the high local loads.
It is important to note other failure mechanisms typical for duplex stainless steels were ruled out in the failure investigations. This can be improper heat treatment leading to the presence of intermetallic phases and sigma-phase in the material, which greatly increases the risk of brittle failure.
The conclusions from the above observations are the following:
• Duplex steels shall ideally have approximate 50% ferrite and 50% austenite by volume. However, manufacturing and assembly often requires more lenient limits, and the ferrite volume toward 65% is permitted. As described above, a large ferrite phase increases the susceptibility for HISC. • Austenite acts as a crack barrier, hence the morphology of the austenite plays an important role. For the same amount of austenite in the material, very different distributions can be achieved; from a large number of small "islands" to a small number of "large blobs". The interest would be to minimise the free crack length in ferrite, and have a minimum distance between the austenite islands (small austenite spacing). Forgings made from duplex steel have been particularly prone to HISC. These components are often large, rarely coated and subject to high loads. The size of the forgings makes it very difficult to attain a desirable microstructure; i.e. small austenite spacing. In addition, the forging direction introduces certain anisotropy in the microstructure, leading to larger austenite spacing in some directions. This can prove critical if the main loading of the component does not take this into account. The lack of coating means that the cathodic protection system, and consequently hydrogen production and absorption, will start immediately. Forgings are often chosen because of the high loads on the component, but these loads can be inadvertently higher than anticipated (unexpected misalignment, rough installation handling). If the loads reach a critical level, the stress in the material will be sufficient to cause HISC.
Fillet welds on duplex stainless steels have also proven to be a critical feature. Such welds are difficult to properly qualify, and there can be large variations in the performance of the welders. Especially the heat input has a large impact on the phase balance of the material, and often the ferrite content has been too high. The ferrite content, as mentioned above, is the phase that is most at risk for hydrogen embrittlement.
The experience from the failures is that HISC is a failure mode that needs to be considered, and which has not been fully recognised. It is a critical failure mode, since the consequence is abrupt brittle failure, without any gross plastic deformation or stress redistribution. Hence the tolerance for overloading is eliminated. The documentation from the failures indicates that the requirements to design and manufacturing in the design codes were not always met (i.e. high loads, microstructure). However, there was not sufficient attention to HISC as a failure mode, and these failures was the starting point for a significant research effort.
Research into HISC
The detailed investigation of the HISC failures revealed a lack of understanding and knowledge that was important to remedy. The offshore operators, major engineering companies and material suppliers, as well as research institutes, have been cooperating in several joint industry projects (JIP), and a multitude of papers and reports have been produced [2] . The main effort has been toward establishing sufficiently conservative, yet usable, design guidelines in order to avoid HISC, with a focus on allowable stress levels. In parallel, the research has raised a number of more general questions in relation to electrochemical reactions (i.e. hydrogen production), surface reactions (i.e. hydrogen sorption), microstructure effects (i.e. hydrogen diffusion, solubility and embrittlement) as well as fracture mechanics (i.e. testing and calculation of the materials' fracture resistance).
The earliest HISC acceptance criteria were based on testing of smooth tensile type specimens with a homogenous stress state. The stress and strain limits obtained were applied to local stresses at weld toes and geometrical changes. However, it was a general opinion that this approach was too conservative. Further testing was carried out on three types of specimens, with geometry adopted to simulate different component features (see Figure 2 ):
• A smooth specimen without stress raisers.
• A specimen with a semi-circular U-notch with an elastic stress concentration factor (SCF) of approximately 3.2; representing a geometrical change (see Figure 3 ). • A specimen with a sharp V-notch with an elastic stress concentration factor (SCF) of approximately 6.4; representing "worst-case" weld toe undercut (see Figure 4 ). The testing was carried out under realistic subsea conditions: • Water temperature approximately 4 ºC.
• Simulated salt water (3.5% NaCl).
• Material polarised to -1050 mV relative to an Ag/Cl reference electrode. The hydrostatic pressure of subsea conditions was not included. The challenge was to develop a test program that, within reasonable time, would provide data useful for HISC characterisation.
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Obtaining HISC failures in laboratory conditions is not difficult, and crack initiation with subsequent failure can occur within hours if the stress level is sufficiently high. Determining the highest stress that does not lead to HISC requires more time for hydrogen charging, diffusion and creep in the material to fully take place. Only after these mechanisms have had sufficient time to influence the material can the stress level be evaluated; safe for HISC or not safe [ 2] .
To date only typical duplex (UNS S31803 and S32205) and superduplex (UNS S32550, S32750 and S32760) stainless steels have been tested with regard to HISC, though there are some results for 13Cr martensitic stainless steels.
DNV-RP-F112
DNV recommended practice DNV-RP-F112 [3] was published in October 2008. This document provides guidelines for design of subsea component in order to avoid HISC. DNV-RP-F112 replaces both a previous draft version published in 2006, as well as the guidelines in NORSOK M-WA-01.
The guidelines in DNV-RP-F112 incorporate the latest data with regard to HISC [4] , and have been well received by the offshore industry. HISC is presented as a separate failure mode that needs to be considered, on top of the standard checks stipulated by the applied design standard.
The main objective of the recommended practice is to be an industry RP defining the best practice for design of duplex stainless steel components for subsea installations. This is achieved by providing detailed recommendations on loads and conditions to be considered, as well as defining other parameters affecting the resistance to HISC.
Three conditions must be met in order to experience HISC, as illustrated in Figure 1 . If one of the conditions is missing, HISC is avoided. However, DNV-RP-F112 concentrates on establishing criteria related to the tensile stress. Other strategies are possible, but will lead to different trade-offs:
• Changing the material may replace a susceptible microstructure with a non-susceptible. Still, duplex steel has many advantages with regard to corrosion resistance, ease of manufacture (as compared to clad material) and strength. • There are several ways the hydrogen source can be eliminated.
Increasing the electrochemical potential above a certain level will minimise hydrogen production, but this will infringe the acceptance criteria for corrosion protection. Coating will prevent seawater from being in contact with the metal surface, and no hydrogen production will take place. But components are often not coated (complex geometry, sufficient space not available) and to date no coating system has guaranteed integrity for the entire design life. In conclusion, the most practical approach is often to evaluate and limit the stress levels in the material. Still, DNV-RP-F112 states that HISC needs only be considered when a surface is exposed to seawater and cathodic protection and when hydrogen can diffuse into the region in question.
An important aspect of the HISC evaluation is establishing the loads and other conditions for the component. Section 3 in DNV-RP-F112 details the loads (external loads, pressure containment, incidental loads, installation loads) that shall be taken into account. How these loads are estimated and included in the analysis is not specified. The governing design code describes the analysis process and requirements, and DNV-RP-F112 can be used in conjunction with any recognised code (ASME B31.3, ASME B31.4, ASME B31.8, ASME VIII, DNV-OS-F101, ISO 13623, EN 14161, API 6A, API 17D, ISO 10423, PD 8010). In short, DNV-RP-F112 defines the required input and sets requirements to the output, but the steps between is determined by the design code.
The material characteristics play an important role in the HISC evaluation. The requirements in DNV-RP-F112 consider cracking from the outer surface and assume that no sharp surface breaking cracks are present, which sets requirements to quality control during manufacturing as well as limits to the fatigue exposure. Sufficient test data exists only for 22Cr and 25Cr duplex stainless steel, and only these are covered by DNV-RP-F112. Temperature de-rating shall be included for high-temperature service, and there are some requirements to the specified minimum yield strength (SMYS) and heat treatment of the material. Welds introduce residual stresses in the material, and these shall be considered. In addition, austenite spacing is a factor in HISC resistance, as discussed above, and the allowed utilisation of material with large austenite spacing is somewhat reduced.
The main criteria established by DNV-RP-F112 are the limits to allowable utilisation. There is one set of criteria based on linear elastic stress analysis, and another set based on non-linear strain Feature: Hydrogen Induced Stress Cracking (HISC) and DNV-RP-F112
analysis. Both sets are equally applicable and it is sufficient to satisfy one of them. Normally the stress criteria are stricter, but in some cases the strain criteria may be stricter.
The allowable stress limits for the linear elastic stress criteria are based on a linear elastic stress analysis and are expressed in terms of:
• membrane stresses • membrane + bending stresses This means that the analysis shall be sufficiently refined to capture the through-thickness stress distribution so membrane and bending stresses can be determined. The peak stress can be disregarded. Figure 5 illustrates the membrane and bending stress, together with the peak stress. Both the principal and equivalent stresses shall be compared to the allowable limits, properly adjusted for temperature de-rating. The limits are schematically illustrated in Figure 6 .
The design may also be checked against the non-linear strain criteria. The strains shall be calculated based on an elastic-plastic non-linear analysis. However, any creep strains shall not be included. The material stress-strain curve shall be based on the temperatureadjusted SMYS and an appropriate strain hardening. The analysis shall include misalignment, geometric transitions and welds and be sufficiently refined to capture the local strain at such locations.
Thermal expansion/contraction of components leads to strain in the material. This strain is not necessarily a risk factor for HISC. If the component is free to expand/contract, stresses will not be induced in the material. On the other hand, a component that is mechanically/physically restricted will experience mechanical stresses due to thermal strains, and in such cases the strain shall be included in the HISC evaluation.
The design guidelines in DNV-RP-F112 are based on testing of the material in question under realistic conditions. In many cases, the limits will be comparable to the limits defined in the design codes.
However, there will be instances where DNV-RP-F112 allows less utilisation of the material, and this may be perceived as unnecessarily conservative. It is important to keep in mind the nature of HISC failures; abrupt brittle fracture and complete failure of the component. When designing for HISC there is no margin in ductility or stress redistribution, and overloading will have fatal consequences.
DNV-RP-F112 and HISC evaluation
DNV-RP-F112 sets forth the considerations and requirements for carrying out an HISC evaluation of a component. Starting from the loads and material characteristics the utilisation of the material can be compared to limits established through testing.
Suppliers will meet requests for HISC evaluation of their components, and the resistance to HISC will have to be documented.
The first approach should be using the DNV-RP-F112 (downloadable from www.dnv.com) and show that the requirements are met:
• If it is a generic component, a design envelope can be established through analysis. This design envelope will define limitations to pressure, moment loads, axial loads, and temperature etc, where the material is defined in a material specification. • A project-specific evaluation can be carried out, where the supplier receives sufficiently detailed data about the service conditions to carry out a proper evaluation. Whether linear elastic or non-linear elastic-plastic modelling is carried out will depend on the resources and models available. In general the linear elastic criteria should be more conservative.
Concluding remarks
In case the HISC evaluation concludes that the criteria are not met, changes to the design or service conditions/design envelope should be considered. Still, it can be possible to carry out qualification testing of the material or component:
• A material supplier who believes that their product has considerably better resistance to HISC than generic duplex alloys can carry out a testing program according to the established method underlying DNV-RP-F112. This may lead to increased allowable utilisation for the material. • Testing of components under realistic conditions can be carried out, though this may prove to be technically challenging. Testing according to the developed testing program will, however, require some time.
Testing is continuing in several institutions to further refine the experimental data, and also develop results about the effect of temperature, embedded defects and residual stresses. In addition, other material alloys are being tested. It is the intention that DNV-RP-F112 shall be an up-todate industry recommended practice, which continuously incorporates new results and experiences. Any feedback to DNV is welcome. Figure 5 : Schematic illustration of linearization of the through-thickness stress distribution and definition of membrane, bending and peak stress. Figure 6 : Schematic illustration of the stress criteria of DNV-RP-F112. In addition there is a material quality factor that shall be applied (due to variations in austenite spacing).
